Polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs) are widespread environmental contaminants associated with changes in behavior and neurochemical function in laboratory animals and behavioral deficits in children. PCBs and PBDEs are found in food, especially in seafood and dairy products, and coexposure to these contaminants is likely. We examined the effects of an environmentally relevant mixture of PCBs (Fox River Mix [FRM]) and a PBDE mixture (DE-71) alone and in combination on synaptosomal and medium dopamine (DA) levels and the levels of the DA metabolite 3,4-dihydroxyphenylacetic acid (DOPAC) in striatal synaptosomes derived from postnatal days (PND) 7, PND14, or PND21 rats. FRM elevated medium DA and reduced synaptosomal DA concentrations with greater potency than equimolar concentrations of DE-71. The effects of FRM, but not DE-71, were dependent on the age of the animals from which the synaptosomes were derived, with greater effects observed in synaptosomes from the youngest animals. We used Bliss' model of independence to assess the possible interaction(s) of a 1:1 mixture of FRM and DE-71 on synaptosomal DA function and found that the effects of the FRM/DE-71 mixture were additive. Furthermore, as for FRM alone, the effects of the FRM/ DE71 mixture were greater in synaptosomes prepared from PND7 rats than in synaptosomes from PND14 and PND21 rats. Because the effects of these contaminants are additive, it is necessary to take into account the cumulative exposure to organohalogen contaminants such as PCBs and PBDEs during risk assessment.
Halogenated aromatic hydrocarbons, including polychlorinated biphenyls (PCBs), dioxins, dibenzofurans, and brominated flame retardants (BFRs), are widespread environmental contaminants shown to alter the behavior and/or neurochemistry of laboratory animals, particularly during development (Branchi et al., 2003 (Branchi et al., , 2005 Lilienthal et al., 1990; Roegge et al., 2000) . In addition, there is significant epidemiological evidence from studies of children exposed in utero and during lactation demonstrating that exposure to PCBs, and to a lesser extent BFRs, are associated with alterations in behavior, including reductions in measures of cognition and attention and elevations in impulsivity (Gray et al., 2005; Jacobson and Jacobson, 2003; Jacobson et al., 1992; Stewart et al., 2005) . The mechanisms responsible for these changes are still not completely understood but may include toxicant-induced changes in regulation of dopamine (DA) neurotransmission because small changes in catecholaminergic modulation can have profound effects on behavior (Arnsten and Li, 2005; Berridge et al., 2006; Oades et al., 2005) .
Although environmental and body burden levels of PCBs have declined dramatically since their industrial use in the United States was banned in the mid 1970's (Erickson, 1997) , detectable levels of PCBs are still found in the environment and in the human body. In contrast, BFR levels increased dramatically from the 1970's until 2004 (Hites, 2004; Schecter et al., 2005) when two important BFRs (penta-and octabrominated diphenyl ethers) were banned in Europe and production ceased in the United States (Costa and Giordano, 2007) . The high concentrations of BFRs in human serum and adipose tissue raise concerns about their possible health effects (Birnbaum and Staskal, 2004) , and several recent studies (Branchi et al., 2003; Eriksson et al., 2006; Viberg et al., 2003) have demonstrated that BFRs alter behavior and neurochemical function in laboratory rodents and affect neurochemistry in vitro (Dingemans et al., 2007; Giordano et al., 2008; Kodavanti et al., 2005; Mariussen and Fonnum, 2003; Reistad et al., 2006) . Few studies have, however, directly compared the effects of these two structurally related neurotoxicants, either alone or in combination, on alterations in DA neurochemistry at different developmental ages.
Polybrominated diphenyl ethers (PBDEs) and PCBs are chemically similar and inhibit plasma membrane dopamine transporters (DAT) and vesicular monoamine transporters (VMAT) (Bemis and Seegal, 2004; Fonnum, 2001, 2003) . Previous environmental contaminant combination studies showed synergistic effects of PCBs and BFRs on behavior and cytotoxicity (Eriksson et al., 2006; Gao et al., 2009; He et al., 2009) , whereas others showed mainly additive effects of methylmercury, PCBs, and BFRs on glutamate uptake into rat brain synaptosomes and of methylmercury and PCB on viability of rat pheochromocytoma cells (Andersen et al., 2009; Vettori et al., 2006) . We hypothesized that coexposure to PCB and PBDE would result in greater effects on DA neurochemistry than exposure to either contaminant alone. We examined the effects of exposure of isolated nerve terminals (synaptosomes) from the striatum of developing rats to FRM, DE-71, or a combination thereof, on changes in synaptosomal and medium DA and 3,4-dihydroxyphenylacetic acid (DOPAC) concentrations. Our results demonstrate a greater potency of FRM, relative to DE-71, to reduce synaptosomal DA levels and increase medium DA concentrations, as well as an age dependency for these effects only for FRM. The effects of the FRM/DE-71 mixture were also greater in synaptosomes from the younger animals compared with synaptosomes from older postnatal animals, however, the combined effects were additive at all ages.
MATERIALS AND METHODS
Animals. Timed-pregnant Long-Evans rats were obtained from Taconic Farms (Germantown, NY). Rat pups at 7, 14, and 21 days of age, from litters born in our facility, were used for the preparation of striatal synaptosomes. All procedures involving the use of animals were performed according to protocols approved by the Wadsworth Center Institutional Animal Care and Use Committee.
Source and selection of PCB and BFR mixtures. A PCB mixture, referred to here as the Fox River Mix (FRM), was prepared by and obtained from the University of Illinois for collaborative studies. This PCB mixture is a formulation of Aroclors 1242 Aroclors , 1248 Aroclors , 1254 Aroclors , and 1260 , ratio that closely approximates the PCB congener pattern found in contaminated fish consumed by residents near the Fox River in Wisconsin (Kostyniak et al., 2005) . FRM is slightly more toxic than Aroclor 1254 (A1254) in vivo, has low dioxin toxic equivalence, and the congener composition is reported in Kostyniak et al. (2005) . The polybrominated diphenyl ether mixture DE-71 (also referred to as pentabromodiphenyl ether or PBDE), consisting of a mixture of tri-, tetra-, penta-, and hexabromodiphenyl ethers, was kindly provided by Dr Kevin Crofton of the U.S. Environmental Protection Agency from a sample originally obtained from the Great Lakes Chemical Company (lot number 755O0K20A; West Lafayette, IN). FRM and DE-71 were chosen for this study because they are environmentally relevant mixtures (Kostyniak et al., 2005; Law et al., 2006; Mariussen et al., 2008) and coexposure of humans to PCB and PBDEs is much more likely to involve several PCB and PBDE congeners and diastereomers rather than single congeners. FRM and DE-71 were regarded as single chemicals for the interaction study.
Stock solutions of FRM and DE-71 were prepared in dimethylformamide (DMF), using a molecular weight of 296 for FRM (calculated on the basis of the average weight of each Aroclor that makes up the mixture; Kostyniak et al., 2005) and a molecular weight of 564.7 for DE-71 (from the Great Lakes Chemical Company's Material Safety Data Sheet for DE-71). As FRM and DE-71 are mixtures of individual PCB congeners and PBDE congeners, respectively, these molecular weights are approximations.
Synaptosomal preparation for contaminant exposure. The isolation of striatal synaptosomes is based on a modification of procedures described by Löscher et al. (1985) . Briefly, preweaning male rat pups at 7, 14, or 21 days of age were anesthetized with CO 2 , decapitated, and their brains rapidly removed. A forebrain block, made by a coronal cut at the optic chiasm, was isolated and the striata dissected free hand. Striata from 5-12 rats (depending on age) were pooled to yield~390 mg of striatal tissue at each age. The tissue was homogenized in ice-cold 0.32M sucrose using a Potter-Elvehjem glass-Teflon tissue grinder, centrifuged at 1000 3 g for 10 min, and the supernatant collected and layered onto 1.2M sucrose. Centrifugation at 50,000 3 g with a x 2 t setting of 1.6 3 10 10 yielded an interface layer which was collected, diluted, layered onto 0.8M sucrose, and centrifuged using the same conditions described above to yield a purified synaptosomal pellet (P-3 fraction). Synaptosomal pellets were resuspended in a volume of oxygenated 4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid (HEPES)-buffered Hank's solution (HBHS) equivalent to the starting wet weight of the striatal tissue and kept on ice until use.
Exposure of synaptosomes to FRM and DE-71. Eighteen-microliter aliquots of synaptosomes were suspended in 450 ll of HBHS containing 1% horse serum and either 0.2% DMF or DMF containing FRM or DE-71 to yield medium concentrations of 10, 20, or 40lM of the contaminants. The final protein concentrations in the incubation mixtures were (mean ± SE) 153 ± 3.9 lg/ml (postnatal days [PND] 7), 264 ± 7.5 lg/ml (PND14), and 312 ± 12.6 lg/ml (PND21), with the differences in protein concentrations reflecting the lower total protein levels in brain tissue at PND7 and PND14 compared with PND21. Mixtures of FRM and DE-71 were prepared similarly
The final DMF concentration for all exposures was 0.2%. This synaptosomal suspension was distributed into 96-well plates (130 ll/well) and incubated for 30 min in a humidified shaking water bath under an atmosphere of 95% O 2 /5% CO 2 at 37°C. After exposure, the samples were transferred to microcentrifuge tubes and centrifuged for 2 min at 8740 3 g to separate the synaptosomes from the medium. Hundred microliters of the resulting supernatant was removed and acidified by the addition of an equal volume of 0.4N HClO 4 while the synaptosomal pellet was sonicated in 100 ll of 0.2N HClO 4 . All samples were frozen at À80°C until analysis. Experiments were repeated four times, each time with freshly prepared synaptosomes using three wells per experimental exposure condition. This design allowed all exposure conditions to be tested in the same plate at the same time within an experiment.
Analysis of DA and DOPAC concentrations in synaptosomes and medium. Quantification of DA and DOPAC concentrations in both synaptosomes and medium was performed by high-performance liquid chromatography with electrochemical detection as described previously (Bemis and Seegal, 1999; Chishti et al., 1996) . Neurotransmitter and metabolite concentrations were corrected for synaptosomal protein content (determined by the bicinchoninic acid method [Pierce, Rockford, IL]). Total DOPAC concentrations (medium þ synaptosomes) are reported since DOPAC is transported across the plasma membrane (Lamensdorf et al., 2000) , and summation of the changes in both compartments provides the best estimate of the ability of FRM or DE-71 to alter DA storage/handling that results in the metabolism of DA to DOPAC.
Statistical analysis. Data were analyzed using three-way ANOVA to determine significant main effects of age, treatment and dose, as well as significant interactions. FRM-DE-71 mixture dose-response data were analyzed by two-way ANOVA. Post hoc analysis with Dunnett's test was used to test for significant differences between individual doses and the control group. All exposure data were normalized to vehicle control and is presented as mean ± SE (unless otherwise is stated). Actual concentrations (nanogram per milligram protein) are reported in Supplementary table 1.
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Bliss' model of independence (Bliss, 1939) , also known as independent joint action, was used to calculate the predicted additive effect of the FRM/DE-71 mixture from the results obtained with FRM alone and DE-71 alone. This model is based upon the assumption that the substances in a mixture act independently from each other, such that each chemical acts as if it was the only chemical present (Borgert et al., 2005) . All effects (f) are first transformed to fractions of 1 (0 f 1) (for medium DA, the maximal observed effect was used as the maximal effect). f A is the fractional effect of chemical A alone at a particular dose, and f B is the fractional effect of chemical B alone. However, if chemical A is already present, the additional possible effect of chemical B is the fraction f B multiplied by the remaining possible effect, which is 1 À f A . Thus, the additional effect of chemical B, in the presence of chemical A, equals f B (1 À f A ). Therefore, the total effect of a mixture of the two chemicals is
Thus, for binary mixtures, Bliss independence is defined by Equation 1:
The experimental data were obtained as described above and plotted, with 95% confidence intervals, together with the predicted additive data (calculated using Equation 1). If the confidence intervals of the observed data did not overlap with the predicted additive data, the toxicants were considered to interact (Kortenkamp and Altenburger, 1998) .
RESULTS

Effects of PCB (FRM) or DE-71 on Synaptosomal DA Function
FRM (20 and 40lM) significantly reduced DA concentrations in synaptosomes from animals of all ages (Fig. 1, upper  panels) . The magnitude of the effects were age dependent, demonstrated by a significant interaction between FRM and age (p 0.01), with decreases in synaptosomal DA of 23.3 ± 3.8%, 14.9 ± 3.9%, and 13.9 ± 3.3% in PND7, PND14, and PND21 animals, respectively, at 40lM. significantly reduced synaptosomal DA concentrations in synaptosomes from PND7 and PND14 animals (p 0.001), although the decreases following exposure were smaller in magnitude than following exposure to equimolar concentrations of FRM. Unlike FRM, the effects of DE-71 on synaptosomal DA concentrations were not significantly different between synaptosomes derived from animals of different ages. Statistically significant differences between the effects of equimolar concentrations of FRM and DE-71 were found only at 40lM (p 0.001), where FRM caused approximately twofold greater effects than DE-71.
Effects of PCB (FRM) or DE-71 on Medium DA Concentrations
FRM exposure significantly increased media DA concentrations in a dose-dependent manner (p 0.001) (Fig. 1,  middle panel) . The magnitude of the elevations were age dependent, ranging (at 40lM FRM) from fivefold to fourfold and threefold compared with control levels at PND7, PND14 and PND21, respectively. As with synaptosomal DA levels, there was a significant interaction between FRM exposure and the age of the animals from which the synaptosomes were generated (p 0.001). Thus, the effects of FRM on medium DA concentrations were strongly influenced by the age of the animals from which the synaptosomes were prepared.
DE-71 also significantly increased medium DA in a dosedependent manner (p 0.001); however, the elevations were significantly smaller than those seen following exposure to equimolar concentrations of FRM for all doses at all ages (p 0.001). There was no interaction between DE-71 exposure and the age of the tissue from which the synaptosomes were generated-i.e., the elevations in medium DA concentrations following exposure to DE-71 did not differ significantly between synaptosomes derived from rats of different preweaning ages.
Effects of PCB (FRM) or DE-71 on Total DOPAC
Concentrations FRM significantly and dose dependently reduced total DOPAC concentrations at PND7 (p 0.001), with reductions of 20.0 ± 3.3% and 26.4 ± 3.0% compared with control at 20 and 40lM, respectively (Fig. 1, lower panel) . However, there were no reductions in total DOPAC levels in synaptosomes derived from PND14 and PND21 animals, as demonstrated by a significant interaction between FRM and age (p 0.001). DE-71 did not significantly alter total DOPAC concentrations at any of the ages or concentrations examined. The sum of total (synaptosomal and media levels) DA and total DOPAC (total DA þ total DOPAC), which indicates changes in synthesis or degradation of DA and its primary metabolite, was not changed by FRM or DE-71 at any age (not shown).
Effect of a FRM/DE-71 Mixture
Exposure to a 1:1 mixture of FRM and DE-71 significantly and dose dependently reduced synaptosomal DA at all concentrations on PND7 (p 0.001) and PND14 (p 0.001) and at 20lM FRM þ 20lM DE-71 and 40lM FRM þ 40lM DE-71 on PND21 (p 0.001) (Fig. 2) . The mixture effects were similar in PND7 and PND14 synaptosomes, causing, respectively, 10 ± 3.9% and 11.2 ± 4.3% reductions at total concentration of 20lM, 19.6 ± 3.7% and 14.9 ± 4.0% reductions at total concentration of 40lM, and 29.8 ± 3.6% and 31.6 ± 6.0% reductions at total concentration of 80lM, respectively. In contrast, the mixture effects on synaptosomal DA levels in PND21 synaptosomes were smaller, and the FRM/DE-71 mixture only reduced DA levels by 21.4 ± 1.6% at the highest concentration.
Medium DA was increased in a dose-dependent fashion by all concentrations of the mixture at all ages (p 0.01). As for synaptosomal DA, the mixture effects were greater at PND7 and PND14 than at PND21, with the highest mixture concentration increasing medium DA fourfold to fivefold relative to controls in PND7 and PND14. DOPAC levels were reduced by all mixture concentrations on PND7 (p 0.001) 152 DREIEM ET AL.
and by 40lM FRM þ 40lM DE-71 on PND14 (p 0.05) and PND21 (p 0.001). The mixture reduced DOPAC levels to a greater extent in synaptosomes from PND7 rats compared with both PND14 and PND21, with reductions of 11.2 ± 4.2%, 19.8 ± 3.3%, and 26.1 ± 4.2% at PND7 at total mixture concentrations of 20, 40, and 80lM, respectively, compared with no significant reductions at 20 and 40lM and 13.7 ± 7.1% and 10.7 ± 2.3% reductions at 80lM in synaptosomes from PND14 and PND21 rats, respectively. Two-way ANOVA showed significant effects of age (p 0.001), mixture concentration (p 0.001), and a significant interaction between age and concentration (p 0.01) for synaptosomal DA, medium DA, and DOPAC.
Predicted theoretical additive effects of the FRM/DE-71 mixture were calculated according to Bliss' independence model. In general, the additive model predicted the experimental data very well (Fig. 2) . We observed tendencies toward antagonism or synergism between FRM and DE-71 on DOPAC levels at PND7 and PND14 and on medium DA levels at PND21; however, these effects were only present at the highest concentrations, and the observed effects did not differ by more than 14% from the predicted additive data (Fig. 2) .
Age-Dependent Changes in Synaptosomal and Medium DA and Total DOPAC Levels DA concentrations in synaptosomes from PND14 and PND21 animals were more than 50% higher than levels seen in PND7 synaptosomes (Fig. 3A) (p 0.001). Conversely, medium DA concentrations decreased significantly from 7.4 ± 0.73 ng/mg protein in PND7 synaptosomes to 3.6 ± 0.28 ng/mg protein in PND14 synaptosomes and 3.3 ± 0.2 ng/mg protein in PND21 synaptosomes (Fig. 3B ) (p 0.001). There were no FIG. 1. Dose-dependent effects of 0, 10, 20, and 40lM of PCBs (FRM) or the pentabromodiphenyl ether DE-71 on concentrations of synaptosomal DA (syn DA), medium DA, and total DOPAC, expressed as percentage of age-appropriate control, in P3 synaptosomes derived from PND7, PND14, and PND21 rat pups. Data are mean ± SEM from 10-12 wells combined from four independent experiments; *p 0.05, **p 0.01, ***p 0.001, significantly different from the respective control for each compound at each age. a, p 0.05; b, p 0.01; c, p 0.001, significantly different from FRM at the same concentration.
EFFECTS OF PCB AND PBDE MIXTURES ON DOPAMINE 153 significant differences in DA concentrations between PND14 and PND21 synaptosomes. Concentrations of DA in PND21 synaptosomes were not significantly different from adult (PND70) synaptosomes (Dreiem and Seegal, unpublished observation) . Total DOPAC concentrations (the sum of synaptosomal and medium DOPAC) mirrored age-related changes in synaptosomal DA, increasing significantly from levels seen in PND7 synaptosomes (54.3 ± 3.1 ng/mg protein) to 83.9 ± 1.8 ng/mg protein in PND14 and 84.9 ± 2.7 ng/mg protein in PND21 synaptosomes (Fig. 3C ) (p 0.001).
DISCUSSION
FRM, and to a lesser extent DE-71, reduced synaptosomal DA levels in striatal synaptosomes from 7-, 14-, and 21-dayold rat pups. FRM was generally twofold to threefold more potent than DE-71. This observation is similar to the findings of Fonnum (2001, 2003) , who report approximately threefold greater inhibition of [ 3 H]-DA uptake into adult rat synaptosomes by the commercial PCB mixtures A1254 and Aroclor 1242 (A1242) compared with DE-71. The FRM-induced reductions in synaptosomal DA reported here were accompanied by large increases in medium DA levels, similar to the effects observed after exposure to PCB congeners that inhibit the plasma membrane DAT (Bemis and Seegal, 2004; Garris et al., 2003; Mariussen and Fonnum, 2001 ) and the DAT blockers nomifensine and GBR12935 (Bemis and Seegal, 2004; Dreiem and Seegal, unpublished results) . These findings suggest that FRM acts via DAT inhibition to reduce synaptosomal DA levels and increase medium DA levels. In vivo, activation of presynaptic DA autoreceptors by extrasynaptosomal DA can downregulate DA synthesis (Wolf and Roth, 1990) , and this mechanism has been suggested to be partly responsible for PCB-induced DA reductions in vivo (Seegal et al., 2002) . In the present study, however, the sum of total DA and total DOPAC was not altered by PCB or PBDE exposure, whereas a reduction would have been expected if DA
FIG. 2.
Experimental and predicted effects of a 1:1 mixture of FRM and DE71 on synaptosomal DA (syn DA), medium DA, and total DOPAC levels in synaptosomes from PND7, PND14, and PND21 rat pups. Predicted additivity was calculated using Bliss' model of independent action. The experimental data are mean ± SEM of 10-12 wells combined from four independent experiments, shown with 95% confidence intervals (dotted lines). 154 DREIEM ET AL. synthesis was reduced. Therefore, feedback regulation of DA synthesis is not a likely mechanism for the observed results. Another possible mechanism for reductions in synaptosomal DA is inhibition of the vesicular DA transporter, VMAT, and several PCB congeners act via this mechanism (Bemis and Seegal, 2004; Mariussen et al., 1999) . However, VMAT inhibition decreases medium DA and increases DOPAC levels, as seen after exposure to the VMAT inhibitor RO4-1284 (Bemis and Seegal, 2004) . Thus, the large medium DA increases and DOPAC reductions that were observed after FRM exposure (Fig. 1 ) cannot be caused by VMAT inhibition. Therefore, we conclude that the observed effects of FRM are mediated by DAT inhibition, leading to reduced reuptake of released DA.
DE-71 caused much smaller reductions in synaptosomal DA than FRM at all ages. The reductions in synaptosomal DA were accompanied by twofold increases in medium DA; however, DOPAC levels were not altered (Fig. 1) . Thus, DE-71 cannot be classified as only inhibiting DAT or only inhibiting VMAT (which manifest as elevations in total DOPAC levels), and the effects of DE-71 probably involve low-level inhibition of both transporters, as was reported for PCB congeners 153 (2,2#,4,4#,5,5#-hexachlorobiphenyl) and 103 (2,2#,4,5#,6-pentachlorobiphenyl) (Bemis and Seegal, 2004) . In contrast to the observations in the present study, DE-71 is a potent inhibitor of VMAT in isolated vesicles (Mariussen and Fonnum, 2003) . This discrepancy is likely to be due to the difference between isolated vesicles and synaptosomes. In a synaptosomal preparation, DE-71 is added to the medium and must diffuse through the synaptic membrane to the vesicular membrane before it can exert its effect on VMAT. This process may lower its access and thereby its potency as a VMAT inhibitor compared with its effects in isolated vesicles. Thus, it is likely that the effects of DE-71 observed here arise from lowlevel inhibition of both VMAT and DAT.
We used Bliss' model of independence to evaluate the extent to which there were interactions between FRM and DE-71 on dopaminergic neurochemistry in striatal synaptosomes. The experimental data agreed with the model (Fig. 2) , indicating that there is no interaction between FRM and DE-71 on DA function. We therefore conclude that the effects of FRM and DE-71 are additive. FRM contains a large proportion of the potent DAT inhibitors A1254 and A1242 (Bemis and Seegal, 2004; Mariussen and Fonnum, 2001 ) and was found in our experiments to alter DA levels in a manner consistent with DAT inhibition (Fig. 1) . DE-71 has previously been shown to be a weak DAT inhibitor and a potent VMAT inhibitor in isolated synaptic vesicles. However, although our results confirmed the weak DAT inhibition by DE-71, we have shown that DE-71 is a much less potent VMAT inhibitor in synaptosomes (Fig. 1 ) than in isolated vesicles (Mariussen and Fonnum, 2003) . Thus, the combination of the potent DAT inhibitor FRM and the weak DAT inhibitor DE-71 causes additive effects on DA levels in isolated synaptosomes, whereas the weak VMAT inhibition by DE-71 appears to play little or no role in the combined effect of FRM and DE-71. Although kinetic studies of the effects of FRM and DE-71 on DAT were not undertaken in the present study, it is possible that FRM and DE-71 act in   FIG. 3 . Concentrations of synaptosomal DA (A), medium DA (B), and total DOPAC (C), expressed as nanogram per milligram protein, in P3 synaptosomes derived from PND7, PND14, and PND21 rat pups. Columns represent means and bars represent SEM of 10-12 wells combined from four independent experiments; ***p 0.001, significantly different with respect to PND7 animals.
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155 a noncompetitive manner to inhibit DAT function, e.g., by binding to different binding sites on the transporter. This could be considered to satisfy the underlying assumption of Bliss independence, namely that compounds with different molecular mechanisms act in an additive manner. However, in many cases, Bliss' independence model and ''concentration addition'' (Loewe and Muischnek, 1926) , the accepted additivity model when assuming the same mechanism for the individual compounds in a mixture, yield similar results and both accurately predict additivity (Andersen et al., 2009; Payne et al., 2000) . Thus, the finding that FRM and DE-71 combine in accordance with Bliss' additivity cannot be interpreted as a confirmation of their mode of action.
The observed additive effect is in agreement with results of previous environmental contaminant combination studies, which found mainly additive effects of methylmercury, PCBs, and BFRs on glutamate uptake into rat brain synaptosomes and of methylmercury and PCB on viability of rat pheochromocytoma cells (Andersen et al., 2009; Vettori et al., 2006) . In contrast, other studies have described synergistic effects of PCBs and BFRs on behavior and cytotoxicity (Eriksson et al., 2006; Gao et al., 2009; He et al., 2009) , and it is possible that PCBs and BFRs have synergistic effects on these endpoints. However, these studies did not use recognized models for prediction of mixture effects and the dose-response relationships of both toxicants were not taken into consideration. A common way to find an expected additive effect is known as ''effect addition,'' where the expected effect of the mixture is assumed to be equal to the sum of the individual effects of the compounds in a mixture. However, several studies have shown that effect addition frequently underestimates effects at low doses and overestimates effects at high doses, resulting in erroneous interpretations of synergy and/or antagonism (Andersen et al., 2009; Rajapakse et al., 2002; Silva et al., 2002) . Our present results, obtained using an accepted method for interpretation of interactions, demonstrate that a mixture of PCBs and PBDEs has additive effects on dopaminergic neurochemistry during postnatal development.
The effects of FRM and the FRM/DE-71 mixture were greater in synaptosomes from PND7 animals than in synaptosomes from PND14 and PND 21 animals, demonstrating that the dopaminergic system is more sensitive to PCBs 1 week after birth than later in postnatal development. In contrast, DE-71 effects on DA and DOPAC levels were not dependent on the age of the animals from which the synaptosomes were derived. Because DAT inhibition appears to be mainly responsible for the effects of FRM and the FRM/ DE-71 mixture, age differences in DAT activity may be responsible for the different effects at PND7, PND14, and PND21. We and others have previously reported that striatal DAT activity and ligand binding are much lower at birth and during the first postnatal week compared with adults and then increase rapidly during the following 3 weeks (Dreiem et al., 2009; Tarazi et al., 1998) . Thus, because DAT activity is low at PND7 compared with PND14 and PND21, the effects of DAT inhibitors such as FRM may cause greater effects at PND7 than at PND14 and PND21. Developmental differences in D2 receptor activation or DA release could further contribute to the observed age differences in the effects of FRM. D2 receptor messenger RNA is present in striatum of PND1 rats and increases steadily until PND28 (Srivastava et al., 1992); however, [ 3 H]spiroperidol binding and apomorphine or quinpirole inhibition was much lower during early developmental periods compared with adult levels (Srivastava et al., 1992; Wang and Pitts, 1995) , suggesting that D2 receptor binding or activation is less efficient during the first 2 postnatal weeks. Less efficient D2-mediated inhibition of DA release at PND7 compared with PND14 and PND21 could further contribute to the observed differences in the effect of FRM and the FRM/DE-71 mixture at the different developmental ages. Gazzara and Andersen (1994) assessed striatal DA release from PND5 and adult rats by microdialysis and suggested that a greater proportion of synthesized DA was released from nerve terminals in 5-day-old pups compared with adults. Greater DA release from PND7 synaptosomes compared with PND14 and PND21 synaptosomes could potentiate the effects of FRM at PND7, in particular in combination with the less efficient DA reuptake in PND7 preparations. Higher DA release and lower DA reuptake at PND7 can also explain the finding that medium DA was much higher in control preparations from PND7 animals compared with synaptosomes from PND14 and PND21 animals (Fig. 3B) . We propose that the low DAT activity (possibly in combination with higher DA release and less efficient D2 autoreceptor activity) at PND7 compared with PND14 and PND21 exacerbates the effect of FRM and the FRM/DE-71 mixture at this age. This causes greater effects of DAT inhibitors such as FRM and FRM/DE-71 at PND7 than at PND14 and PND21. In contrast, DE-71 alone is a much less potent DAT inhibitor than FRM, and no age dependency of DE-71 effects was observed in the present study.
Recent publications have demonstrated that PCBs and/or DE-71 induce significant neurotoxicity in SH-SY5Y cells , cerebellar granule cells (Reistad et al., 2006) , and in primary cultures of mouse neurons and glia (Giordano et al., 2008) ; however, in all instances, exposure to these contaminants was for a period of time between 3 and 24 h. In contrast, we exposed synaptosomes to the above contaminants for only 30 min-a period of time insufficient to induce loss of synaptosomal viability analogous to cellular/neuronal apoptosis. Furthermore, even when synaptosomes were exposed for 30 min to DE-71, significant reductions in membrane potential were seen only at concentrations greater than 50lM (Mariussen and Fonnum, 2003) . Thus, changes in compartmentalization of DA observed in the present study, particularly following exposure to FRM, are unlikely to reflect reductions in synaptosomal function/viability but instead reflect the consequences of DAT inhibition on DA compartmentalization. The concentrations of FRM and DE-71 used in the present study are relatively high compared with the concentrations found in the environment, particularly for DE-71. However, until recently, the BFR levels in the environment have been increasing (Alaee and Wenning, 2002) , and subpopulations who ingest large amounts of contaminated seafood may be exposed to much higher levels than the general population (Thomsen et al., 2008) . Both PCBs and PBDEs can cross the blood-placenta barrier and enter the fetal brain during development (Bergonzi et al., 2009; Bi et al., 2006; Mazdai et al., 2003) . The first 3 weeks of postnatal development in rats correspond to the last trimester of human development (Rice and Barone, 2000) ; therefore, the greater effects observed in PND7 preparations compared with PND14 and PND21 preparations suggest that the early period of the last trimester is a critical window for the effects of PCBs and PBDEs. However, human brain development continues for several years after birth (Rice and Barone, 2000; Weickert et al., 2007) , and thus, the sensitive window in humans may be of long duration. Both PCBs and BFRs are secreted into breast milk (Noren and Meironyte, 2000) , and it has been estimated that a breastfed infant in the United States would be exposed to 1525 ng PBDEs per day (Schecter et al., 2005) . Infants and toddlers also frequently engage in mouthing behavior and ingest dust and particles that may contain high levels of BFRs from household sources, and Allen et al. (2007) estimated that children under 5 years would be exposed to three to four times higher PBDE levels compared with adults and that house dust accounts for >80% of exposure in children. Thus, the exposure levels for small children may be significant. Although it is necessary to extrapolate effects from in vitro experiments to the intact organism and from experimental animals to humans, the results of the present study demonstrate that organohalogen contaminants such as PCBs and PBDEs cause additive effects on dopaminergic neurochemistry. Thus, for risk assessment, it is necessary to consider the total exposure to such chemicals in order to be able to more accurately determine risk.
In summary, we have shown that (1) FRM elevates medium DA and reduces synaptosomal DA concentrations to a greater extent than DE-71, (2) the effects of FRM, but not DE-71, are dependent on the age of the animal from which the synaptosomes were derived, (3) the effects of the combination of the environmentally relevant PCB mixture FRM and DE-71 is greater at PND7 and PND14 than at PND21, and (4) that FRM and DE-71 have additive effects on the developmental dopaminergic system in vitro at all ages. The results of the present study demonstrate that it is necessary to take into account the cumulative exposure to organohalogen contaminants such as PCBs and PBDEs during risk assessment.
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